Cancer patients can harbor significant numbers of CD8 and CD4 T cells with specificities to tumor antigens (Ags). Yet, in most cases, such T cells fail to eradicate the tumor in vivo. Here, we investigated the interference of Ag-specific CD4 ؉ CD25 ؉ regulatory T cells (Treg) with the tumor-specific CD8 T cell immune response in vivo, by monitoring the homing, expansion, and effector function of both subsets in draining and nondraining lymph nodes. The results show that CD8 cells expand to the same extent and produce similar levels of IFN-␥ in the presence or absence of Ag-specific Treg. Nevertheless, these Treg abrogate CD8 T cell-mediated tumor rejection by specifically suppressing the cytotoxicity of expanded CD8 cells. The molecular mechanism of suppression involves TGF-␤ because expression of a dominant-negative TGF-␤ receptor by tumor-specific CD8 cells renders them resistant to suppression and is associated with tumor rejection and unimpaired cytotoxicity.
C

D4
ϩ CD25 ϩ regulatory T cells (Treg) are negative regulators of T cell immune responses in vitro and in vivo (1, 2) . Upon TCR ligation, Treg can suppress the proliferation of both CD4 and CD8 cells in coculture experiments (3) . Recently, however, it has been shown that the regulation of CD4 T cell responses in vivo can have different kinetics (reviewed in ref. 4) . When coinjected into normal mice, both Treg and naïve CD4 cells initially proliferate upon recognition of cognate antigen (Ag). Furthermore, Treg do not influence the commitment of Agexperienced CD4 cells to produce IFN-␥ and IL-2. However, Treg do suppress cytokine secretion and interfere with the proliferation and possibly survival of CD4 cells later during the immune response (5) (6) (7) . Treg also can control the magnitude of recall CD8 T cell responses in different settings that include viral (8, 9) and bacterial (10) infections as well as allograft transplantation in vivo (11, 12) . A role in Treg function has been attributed to IL-2, which stimulates Treg and in turn may inhibit division of memory CD8 T cells (13, 14) . However, these studies did not trace Ag-specific Treg in draining lymph nodes (LN), and it is not clear to what extent the different outcomes reflect accumulation of Treg by specific homing and local expansion. In fact, most studies were conducted with polyclonal Treg of unknown specificity where such questions cannot be addressed, and, therefore, the mode of inhibition cannot be correlated with specific Treg accumulation. Analysis of tumor-bearing patients suggests that suppression of CD8 T cell cytotoxicity by Treg may be causally related to tumor progression, because tumor-specific CD8 cells and tumor-specific CD4 Treg frequently accumulate in tumors from melanoma patients, and tumor-specific CD8 cells fail to exert cytotoxic T lymphocyte effector function (15) (16) (17) .
This study investigates how Treg suppress primary CD8 T cell immune responses directed against tumor cells expressing influenza hemagglutinin (HA) as a surrogate tumor-specific Ag. Naïve CD8 and regulatory CD4 T cells with transgenic receptors specific for distinct peptides of HA were used to allow us to follow the fate of these cells in tumor draining LN. The results show that Treg interfere with CD8 T cell-mediated tumor rejection relatively early during the immune response, and the mechanism by which Treg suppress naïve CD8 cells differs from the ones that have been reported for memory CD8 cells (10) (11) (12) 14) . Treg influenced neither the kinetics of proliferation nor the commitment of recently activated CD8 cells to produce inflammatory cytokines. Nevertheless, CD8 cells failed to undergo normal functional maturation in the presence of Treg as evidenced by the fact that their cytotoxic potential to destroy specific targets in vivo was abolished. Thus, these experiments reveal a previously unreported fine-tuning by Treg on different effector functions of CD8 cells.
There is considerable controversy over a putative role of TGF-␤ in the Treg-dependent regulation of immune responses (18) . Although two recent studies suggested that TGF-␤ has a crucial role in the suppression of CD8 T cell-mediated diabetes, perhaps by mechanisms that allow more potent expansion of Treg (19) and mechanisms that may affect unknown functions of CD8 cells (20) , the essential role of TGF-␤ has been debated by others (18) . Here, we show that Treg-dependent inhibition of tumor-specific CD8 T cell-mediated cytotoxicity requires expression of the TGF-␤ receptor by CD8 cells. These data suggest a specific role of TGF-␤ signaling in the inhibition of cytotoxicity independent of cellular proliferation.
of BALB͞c mice that had been implanted with a Flt-3L secreting melanoma cell line (25) .
Tumors. The CT26 tumor cell line was derived from a chemically induced murine colon carcinoma. The tumor cell line CT44 was generated by transfecting CT26 cells with a fusion protein of influenza HA and EGFP (23) . We injected 10 6 CT44 and CT26 cells s.c. into the upper side of the left and right hind paws of anesthetized animals, respectively (23).
Flow Cytometry. All mAbs were obtained from Becton Dickinson, except anti-HA (clone 37.38), which was obtained from Southern Biotechnology Associates. Anti-TCR-HA (clone 6.5) was purified in our laboratory. Surface and intracellular staining and flow-cytometric analysis were performed as described in ref. 26 .
In Vivo Cytotoxic T Lymphocyte Assays. Splenocytes from BALB͞c mice were labeled with either 1 or 10 M CFSE (namely, CFSE ϩ or CFSE 2ϩ ), then incubated for 1 h at 37°C with either no peptide or 1 g͞ml HA 107-119 peptide, respectively. Recipient mice were injected i.v. with a 1:1 ratio of the two populations (2 ϫ 10 7 cells). Tumor-draining LN cells were obtained 16 h later and stained with appropriate mAbs, including anti-B220 mAb. Percentage specific lysis was calculated as follows: % specific lysis ϭ [1 Ϫ (B220 ϩ CFSE ϩ events͞B220 ϩ CFSE 2ϩ events)] ϫ 100.
Results
Treg Abrogate CD8 Tumor Immunity. The specificity of CD8 T cell-mediated tumor responses was analyzed in normal healthy BALB͞c mice that were injected s.c. with both 10 6 HA ϩ tumor cells (CT44, right foot) and 10 6 HA Ϫ tumor cells (CT26, left foot) on day 0. Both tumors grew equally well in the transplanted mice, indicating the lack of an efficient tumor-specific immune response in normal mice (Fig. 1a) . However, adoptive transfer of 10 5 naïve CD8 cells bearing a transgenic TCR specific for the K d -restricted HA 512-520 peptide (hereafter termed HA-specific CD8 cells) 1 day before tumor challenge resulted in specific rejection of CT44 tumors (Fig. 1b) . CD8 T cell-mediated rejection of CT44 tumors was apparent between days 7 and 10 and was complete on day 14 (Fig. 1b) . In contrast, CT26 tumors within the same individuals were not rejected (Fig. 1b) . We then investigated whether CD4 Treg with specificity for a class II-restricted HA epitope may influence primary CD8 T cell immune responses directed against the class I restricted HA peptide (bystander suppression). HA-specific CD4 Treg were obtained from mice expressing influenza-HA under the control of the ubiquitous pgk promoter (pgk-HA) and a transgenic TCR (TCR-HA) specific for the I-E d -restricted HA 107-119 peptide (26) . BALB͞c mice were adoptively transferred with a mixture of 10 5 naïve HA-specific CD8 cells and 10 5 HA-specific CD4 Treg and subsequently challenged with CT26 and CT44 tumors. The results showed that Treg completely abrogated CD8 T cellmediated rejection of CT44 tumors (Fig. 1c) , in that the kinetic of CT44 tumor growth was as fast as that displayed by the CT26 tumor within the same individual (Fig. 1c) , and comparable with the kinetic of CT44 or CT26 tumor growth in mice that did not receive HA-specific CD8 cells (Fig. 1a) .
In contrast to the Treg-dependent abrogation of CD8 T cell-mediated tumor rejection, the cotransfer of 10 5 nonregulatory CD4 cells with the same specificity as the Treg did not abrogate but rather enhanced tumor rejection by CD8 cells (Fig.  1d ), in line with the reported role of CD4 cells in augmenting immune responses by CD8 cells (21, 27) . As reported in ref. 23 , adoptive transfer of naïve HA-specific CD4 cells alone did not mediate rejection of CT44 tumors. The steady-state levels of adoptively transferred T cells in these experiments in the absence of Ag challenge were comparable for both CD4 and CD8 cells, in the range of 0.01% Ag-specific T cells among total CD8 or CD4 cells, respectively. These experiments, therefore, indicate that Treg were able to interfere effectively at early stages with the CD8 immune response.
CD8 T Cell Homing and Expansion.
Because CD4 Treg were reported to impair CD8 T cell proliferation in vitro (28), we investigated whether a similar mechanism contributed to the Treg-dependent impairment of the CD8 immune response in vivo. In initial experiments, CFSE-labeled HA-specific Thy1.2 CD8 cells were adoptively transferred into Thy1.1 BALB͞c mice that subsequently were challenged with CT44 and CT26 tumors simultaneously. The number of HA-specific CD8 cells (defined as Thy1.2 ϩ CD8 ϩ ) rapidly increased 200-fold in CT44 draining LN ( Fig. 2 a and b) , whereas HA-specific CD8 cells did not accumulate in CT26 draining LN (Fig. 2c ). As shown in Fig. 2b , the accumulation of CD8 cells in CT44 draining LN was accompanied by extensive cell division. Similar accumulation and expansion of HA-specific CD8 cells was observed when cotransferred with HA-specific naïve CD4 cells (Fig. 2b) . The CD4 T cell population (defined as Thy1.2 ϩ CD4 ϩ ) also rapidly expanded in CT44 draining LN, reaching 2.9 Ϯ 0.4% of CD4 cells on day 7, which is equivalent to 3.3 Ϯ 2.0 HA-specific CD4 cells per HA-specific CD8 cell. The Ag-specific proliferation of both HA-specific CD8 and CD4 cells in CT44 draining LN indicated that HA 512-520 and HA 107-119 peptides were effectively presented in this environment. Because CT44 tumor cells do not express class II MHC molecules, the results indicate that HA Ags were released from tumor cells and presented by class II MHC positive cells, most likely DCs, in the draining LN.
In further experiments, the fate of HA-specific CD8 cells that were cotransferred with HA-specific CD4 Treg was studied. The presence of Treg did not alter the expansion of HA-specific CD8 cells because the kinetic of expansion of CD8 cells in the CT44 draining LN remained unchanged or only slightly reduced after cotransfer with Treg. This notion was further supported by the observation that the dilution of CFSE label was not significantly different in CD8 cells expanding in the absence or presence of Treg (Fig. 2b) . HA-specific CD4 Treg also accumulated within the same LN, starting from Ϸ0.01% of CD4 cells immediately after adoptive transfer (data not shown) and reaching 3.4 Ϯ 0.8% of all LN CD4 cells on day 7 (Fig. 2b) . HA-specific CD4 Treg accumulated slightly faster than HA-specific CD8 cells in CT44 draining LNs, because we found 2.8 Ϯ 1.2 HA-specific Treg per HA-specific CD8 cell on day 7. Neither CD8 cells nor Treg accumulated in the LN draining the HA-negative CT26 tumor (Fig. 2c) . HA-specific CD4 Treg did not accelerate apoptosis of HA-specific CD8 cells, because the vast majority of cells remained annexin V-negative in the presence or absence of Treg (Fig. 2b) . Collectively, these data indicate that Treg did not interfere with the accumulation and division of tumor-specific CD8 cells in CT44 draining LN.
CD8 T Cell Differentiation Markers. In additional assays it was analyzed whether Treg interfered with the expression of differentiation cell surface molecules on HA-specific CD8 cells. To this end naïve HA-specific CD8 cells were adoptively transferred into BALB͞c mice subsequently challenged with CT44. A significant fraction of Ag-primed HA-specific CD8 cells acquired an activated CD25 ϩ CD127 Ϫ CD69 ϩ CD44 high CD62L low phenotype, as demonstrated on day 7 in CT44 draining LN (see Fig. 6 , which is published as supporting information on the PNAS web site). Similar phenotypic changes were observed when HAspecific CD8 cells were cotransferred with either naïve HAspecific CD4 cells or HA-specific CD4 Treg (Fig. 6) . Because HA-specific CD8 cells acquired an activated phenotype irrespective of the absence or presence of Treg, expression of these markers could not be used as a diagnostic tool to predict survival of tumors.
CD8 T Cell Cytokines. Ag-primed effector CD8 cells release cytokines and lytic molecules that mediate a local inflammatory response and effect target cell apoptosis (29, 30) . The influence of HA-specific Treg on the functional activity of CD8 cells was investigated by analyzing cytokine production in HA-specific CD8 cells on d 7 after tumor challenge. The majority of HA-specific CD8 cells produced IFN-␥ and TNF-␣ upon restimulation with exogenous K d -restricted HA 512-520 peptide or phorbol 12-myristate 13-acetate (PMA)͞ionomycin (Fig. 3 a-c and Fig. 7 , which is published as supporting information on the PNAS web site). Cotransfer of HA-specific CD4 Treg with HA-specific CD8 cells did not inhibit cytokine production. This 3 . HA-specific CD4 Treg do not control the production of inflammatory cytokines by HA-specific CD8 T cells. Thy1.1 BALB͞c mice were adoptively transferred on day Ϫ1 with different combinations of Thy1.2 HA-specific T cells and challenged with CT44 (HA ϩ ) tumors on day 0 as described in Fig. 1 , from which CT44 draining LN cells were collected on day 6. HA-specific CD8 T cells were analyzed for IFN-␥ (a) and TNF-␣ (b) production after 4-h restimulation with exogenously added HA 512-520 and HA107-119 peptides or PMA͞ ionomycin. (c) HA-specific CD8 T cells were analyzed for IFN-␥ production after 4-h restimulation with DCs previously pulsed with only HA 512-520 or both HA 512-520 and HA107-119 peptides, or PMA͞ionomycin. Results show mean and SD values of nine or more mice from at least three independent experiments. result occurred whether the cells were restimulated only with class I MHC-restricted peptide, with both class I and class II MHC-restricted peptides, or with PMA and ionomycin, indicating that the reactivation of Treg in vitro did not suppress cytokine production by activated CD8 cells (Fig. 3 a and b) .
We further investigated whether peptide presentation by K d 
I-E d
ϩ ) were pulsed with only the class I MHC-restricted peptide or with both class I and class II MHC-restricted peptides and used as antigen-presenting cells. Stimulation by PMA͞ ionomycin was used in controls. In the absence of HA-specific CD4 Treg, a significant fraction of HA-specific CD8 cells produced IFN-␥ upon restimulation with peptide-pulsed DCs (Fig. 3c) . This fraction was lower than the number of IFN-␥-producing HA-specific CD8 cells upon restimulation with PMA͞ ionomycin or with exogenously added HA peptide(s) (Fig. 3a) . The difference is likely due to reduced Ag presentation when peptide-pulsed DCs were used (Fig. 3c) instead of supplying cultures with peptides without subsequent removal of nonbound peptide (Fig. 3 a and b) . Importantly, the presence of HAspecific CD4 Treg did not interfere with cytokine production by CD8 cells even when the CD4 cells were restimulated with the class II MHC-restricted HA peptide (Fig. 3c) . Collectively these experiments indicate that the Treg did not interfere with the ability of CD8 cells to produce IFN-␥ at early stages of the immune response.
Suppression of CD8 T Cell Cytotoxicity. The cytotoxicity of HAspecific CD8 cells was addressed by in vivo readouts on day 6 after tumor challenge. In the absence of HA-specific CD4 Treg, HAspecific CD8 T cells specifically killed HA 512-520 peptide-pulsed targets in CT44 draining LNs but not in CT26 draining LNs. The presence of HA-specific CD4 Treg abolished the specific cytotoxic activity of HA-specific CD8 cells (P Ͻ 0.0001; Fig. 4) . No in vivo killing of HA ϩ targets was observed in popliteal LNs of nonchallenged mice or in CT44 draining LNs from CT44-bearing mice that did not receive HA-specific CD8 cells (data not shown). Importantly, because Treg did not interfere with the proliferation of naïve CD8 cells, the observed reduced cytotoxic activity in the presence of Treg in CT44 draining LNs indicates direct suppression of cytolytic activity rather than indirect suppression through impairment of proliferation.
TGF-␤-Dependent Suppression.
A potential role of TGF-␤ in the suppression of tumor rejection by CD8 cells was analyzed by introducing a dominant-negative TGF-␤ receptor into the tumor-specific CD8 cells, by crossing mice with the transgenic TCR specific for K d ͞HA 512-520 with mice harboring a dnTGF␤R (24) . Expression of dnTGF␤R by HA-specific CD8 cells did not alter their naïve phenotypic status at least in 4-to 6-wk-old animals, because the vast majority of both dnTGF␤R and W T H A-specific CD8 cells were CD25 Ϫ CD127 ϩ CD45RB high CD69 Ϫ CD44 low CD62L high (see Fig. 8 , which is published as supporting information on the PNAS web site), whereas some dnTGF␤R HA-specific CD8 cells in older animals (12-16 wk old) did exhibit the CD44 activation marker (data not shown). Therefore, CD8 cells used in further experiments were from 4-to 6-wk-old mice. When 10 5 naïve dnTGF␤R or WT HA-specific CD8 cells were transferred into BALB͞c mice, both populations of cells displayed similar kinetics of expansion in response to challenge with CT44 tumors (Fig. 5a ) and rejected CT44 tumors (Fig.  5c) . Thus, expression of the dnTGF␤R in CD8 cells did not alter their expansion and the kinetic of tumor rejection. When coinjected with Treg, dnTGF␤R and WT HA-specific CD8 cells also similarly expanded in response to challenge with CT44 tumors (Fig. 5a) . However, expression of dnTGF␤R by HA-specific CD8 cells interfered with the suppression of tumor immunity by Treg because the kinetic of tumor rejection mediated by dnTGF␤R HA-specific CD8 cells was comparable with the one mediated by WT HA-specific CD8 cells in the absence of Treg (Fig. 5c) . To address whether this reaction resulted from a failure of Treg to suppress cytotoxicity, the effector function of dnTGF␤R and WT CD8 cells in CT44 draining LN on day 7 was compared. Whereas the HA-specific CD8 cells efficiently lysed HA-peptide pulsed syngeneic target cells in vivo only in the absence of Treg, the cytotoxicity displayed by dnTGF␤R HA-specific CD8 cells in the presence or absence of Treg was indistinguishable (Fig. 5b) . Thus, expression of dnTGF␤R by HA-specific CD8 cells was sufficient to render CD8 cells resistant to regulation by Treg and allowed efficient tumor rejection by cytolytic activity.
Discussion
This report describes the influence of HA-specific CD4 ϩ CD25 ϩ Treg on the primary response of naïve HA-specific CD8 cells against HA-expressing tumors in vivo. The results show the following: (i) HA-specific CD8 cells were capable of rejecting HA-expressing tumors, whereas HA-negative tumors were not affected; (ii) HA-specific Treg effectively interfered with tumor rejection; (iii) suppression affected neither proliferation of CD8 cells during the first 10 days of the response nor the acquisition of a fully activated surface phenotype; (iv) suppression affected only the cytolytic activity of CD8 cells and had no impact on IFN-␥ or TNF-␣ secretion; and (v) the molecular mechanism of CD8 suppression essentially involved TGF-␤ signaling because CD8 cells incapable of TGF-␤ signaling were resistant to suppression. Thus, Treg can effectively suppress the early tumorspecific immune response by CD8 cells by inhibiting their cytolytic activity in a TGF-␤-dependent manner.
It has been shown that Treg can suppress the proliferation of CD4 and CD8 cells in vitro (3, 28, 31) and that in vivo Treg are capable of interfering with the proliferation of as well as production of IFN-␥ by CD8 cells (8, 10, 12, 14) . Indeed, secretion of IFN-␥ by CD8 cells has been suggested to play a critical role in tumor rejection (32, 33) . However, most of these studies have used polyclonal Treg where specific homing and expansion cannot be studied and no correlation between Agspecific Treg and inhibition of CD8 cells can be made. Here, we have analyzed the impact of Treg on a primary CD8 immune response under conditions where CD8 cells and Treg have specificity for different peptides of the same protein expressed by tumor cells and where initially both naïve CD8 cells and Treg are present at a low frequency, as might be expected under physiological conditions. This procedure permits one to follow the Ag-specific responses of both cell types in the tumor draining LN and to correlate the mode of inhibition with local expansion. The data show that during the first week both the Ag-specific CD8 cells as well as the Ag-specific Treg home to and expand in the tumor draining LN and that the expanding Treg do not affect the proliferation of CD8 cells. Of interest is the observation that despite this finding, Treg interfere with tumor rejection by CD8 cells, which otherwise is complete by day 10 or shortly thereafter. Because suppression of proliferation could not explain these results, we analyzed whether Treg interfered with the effector functions of CD8 cells. Although no significant impairment of IFN-␥ production was observed by day 7, there was an almost complete suppression of CD8-mediated cytolytic activity at this point in time. This suppression was essentially dependent on TGF-␤ signaling because CD8 cells with a dominant negative TGF-␤ receptor were resistant to suppression. This study also illustrates the importance of the Ag specificity of Treg on the control of CD8 cells, a feature of the immune system that is still poorly defined in vivo. It is noteworthy that the HA-specific CD8 cells were not controlled by the abundant CD4 ϩ CD25 ϩ T cell repertoire endogenously present in the recipient mice, but were impaired selectively by lower numbers of HA-specific Treg, at least upon extensive Ag-specific proliferation. We show that suppression of immune responses in vivo can occur by affecting distinct effector mechanisms at different stages of an immune response. In interpreting the results, one can envisage a scenario in which Treg and CD8 cells initially do not effectively interact with each other because of the low frequency of each population in the draining LN and, hence, physical separation of the two subsets. Thus, both populations expand significantly and thereby reach a frequency allowing a more effective interaction either directly or through Ag-presenting cell intermediates. It appears that at this stage, the suppression of cytolytic activity is more effective than the suppression of cytokine production or proliferation, i.e., cytotoxicity appears most sensitive to suppression, a notion consistent with observations by others that these effector functions can be regulated independently (27, (34) (35) (36) (37) , perhaps because they require different intensity of TCR signaling (38) . Also, the cytokine requirement for proliferation of primary and memory CD8 cells may differ, and, hence, Treg may be more efficient in suppressing the proliferation of memory than of primary CD8 T cells. It is tempting to speculate that in vivo Treg-mediated suppression inhibits TCR signaling, the intensity of which controls different effector functions. This hypothesis could explain the reported suppression of CD8 T cell proliferation (8, 10) and͞or IFN-␥ secretion (9) in cases of viral or bacterial infection, under conditions in which the ratio of Ag-specific Treg and CD8 cells is unknown. Our results also show that in this model of tumor rejection, loss of cytolytic activity is sufficient to allow tumor outgrowth even when tumor-specific T cells still produce high levels of IFN-␥.
Independent evidence suggests that the suppression of CD8 T cell cytotoxicity by Treg may be common in cancer. It is of interest that tumor-specific CD8 cells frequently accumulate in tumors of melanoma patients but fail to exert cytolytic effector function (15) , especially under conditions where tumor-specific CD4 Treg also could be identified within the tumor stroma (16, 17) . These observations are consistent with results described in this study showing that tumor-specific CD4 Treg did not perturb the proliferation of HA-specific CD8 cells but suppressed their cytolytic activity in vivo. Such suppression may not only occur in draining LN but also among extravasated CD4 and CD8 cells within the tumor. In this context, it is of considerable interest that the pathway of immune suppression of cytolytic activity essentially depends on signaling by the TGF-␤ receptor on CD8 cells. Although previous studies on TGF-␤-mediated inhibition have not addressed specific effector functions (20) , our observations provide a rational explanation for earlier findings indicating that T-cell-specific blockade of TGF-␤ signaling renders mice resistant to tumors that otherwise would have been lethal (39) . TGF-␤-mediated suppression of CD8 T cell cytolytic activity in vitro has been studied by several investigators, and it has been reported by some that TGF-␤ interferes at early phases of the cytotoxic response but is rather ineffective once cells have developed cytolytic activity (40) . However, there are also studies describing a more direct inhibition of cytolytic activity by TGF-␤ by interfering with the production of pore-forming protein independently of proliferation (41) that are consistent with our observations. Our results, thus, show that under conditions where the homing and accumulation of Ag-specific T cells and their CD8 targets can be tightly monitored, it is possible to identify a specific effector CD8 T cell function, namely cytolytic activity, that is most susceptible to TGF-␤-mediated inhibition of regulatory T cells. 
